The great advances in the network of cosmological tests show that the relativistic Big Bang theory is a good description of our expanding Universe. However, the properties of nearby galaxies that can be observed in greatest detail suggest that a better theory would describe a mechanism by which matter is more rapidly gathered into galaxies and groups of galaxies. This more rapid growth occurs in some theoretical ideas now under discussion.
Local Void, which contains many fewer galaxies but has more large galaxies on its outskirts than expected. These problems would be eased if structure grew more rapidly than in the standard theory, more completely emptying the Local Void and piling up matter on its outskirts. In about half of the largest galaxies in Fig. 1 , the stars are mainly confined to thin disks supported by streaming motions in the plane of the disk. These pure disk galaxies do not appear in numerical simulations of galaxy formation in the standard theory, because the relatively slow assembly allows stars to accumulate in thick stellar bulges or haloes. Again, the problem would be relieved by more rapid structure formation, with an earlier termination of the rain of extragalactic debris onto galaxies. Observations at greater distances and of bigger samples of galaxies show that the general properties of large 1 Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544, USA. 2 Physics Department, Technion, Haifa 32000, Israel. 63 . Black filled circles: 337 galaxies largely discovered on photographic plates and with well-measured distances 64 . Red triangles: 172 galaxies added by the Sloan Digital Sky Survey 65 (SDSS), with redshift errors of less than 50 km s 21 . Blue squares: 53 galaxies discovered by the H I Parkes All Sky Survey (HIPASS) from 21-cm emission by atomic hydrogen 50 . SDSS and HIPASS have less secure redshift distances and cover only the parts of the sky roughly indicated by the red and blue curves, respectively. There are many more dwarf galaxies to be discovered at this distance. galaxies in the two main classes, spiral and elliptical, have strikingly little relation to their surroundings. Yet again, this would be a more natural outcome of a theory that predicted earlier formation and isolation from the surroundings. We have chosen these issues, from among many open questions in astronomy, because they seem least likely to be affected by the complexities of interactions of stars and gas. It is the variety of this collection of apparently serious challenges to the standard theory that makes the case for considering a better theory of cosmic evolution in the expanding Universe.
Galaxies in the Local Void
Galaxies are less common in low-density regions than expected in the standard cosmology 4, 5 . The Local Void (Fig. 1 ) contains just three of the 562 known galaxies in this distance range. The left-hand projection in Fig. 1 shows them (red triangle, blue square and black filled circle) centred on the Local Void; the orthogonal projection shows that they are well separated. Two (blue square and black filled circle) are detected in 21-cm emission from their atomic hydrogen. Images of other galaxies in quite uncrowded regions 6 suggest that these two Local Void galaxies have a disk of atomic hydrogen that extends well beyond the stars, as in the example in Fig. 2 . (The Local Void galaxy shown as the red triangle is not detected in 21-cm emission. It may be an exception to the rule that galaxies in uncrowded regions have abundant hydrogen, or perhaps the uncertainty in the measurement of its distance wrongly located it in the Local Void.)
Numerical simulations predict that the number density of small dark matter haloes in a low-mass-density region is 10% of the global mean, the haloes appearing more commonly near the edges 7 . The Local Void occupies about one-third of the volume in the distance range 1 , D , 8 Mpc. If environment had no effect on the probability of a dark matter halo being visible in starlight or the 21-cm line, then these numbers would predict that about 19 of the 562 known galaxies were in the Local Void. The formal Poisson probability of there being only three Local Void galaxies is negligibly small (about 10
25
), but the issue is whether the observations have been affected by systematic errors, as follows.
The disparity in the predicted number of Local Void galaxies should not be confused with the prediction of there being many more dwarf dark matter haloes than there are dwarf galaxies 8 . The latter could mean that many small haloes have lost too much baryonic matter to be detectable 9, 10 . A recent analysis 11 of this effect indicates that low-mass haloes may have such low luminosities that the standard cosmology would lead to an acceptable number of Local Void galaxies. However, our predicted number, 19, is derived from the count of nearby galaxies that actually are detected. If the predicted number in the Local Void were significantly lowered, it would imply the presence of too few observed dwarfs in the rest of Fig. 1 . This problem would be relieved if the galaxy count for D , 8 Mpc were well above the cosmic mean and the mass density in the Local Void had the average void density. This arrangement is contrived, but it should be explored. Another very real and potentially serious source of systematic error is that there are many more galaxies to be discovered in the region shown in Fig. 1 . The Local Void has already been surveyed for the hydrogen-rich galaxies characteristic of low-density regions, but future, more sensitive surveys will be of great interest.
There is a systematic error that probably exacerbates the problem for the standard cosmology. We have assumed that a dark matter halo of given mass has the same chance of being detectable wherever it is. However, dwarf galaxies in more crowded regions, closer than about 0.3 Mpc to a large galaxy, tend not to contain much atomic hydrogen, perhaps because it has been stripped away by the ram pressure of plasma around larger galaxies 12, 13 . The more isolated dwarfs tend to contain detectable atomic hydrogen, as in the galaxies indicated by blue squares in Fig. 1 . That is, the evidence is that the apparently tranquil environment in voids in the distribution of large galaxies offers the best chance for survival of low-mass dark matter haloes with the apparently fragile disks illustrated in Fig. 2 . This would mean that the fraction of dark matter haloes that are detectable by radiation from their hydrogen is larger in the Local Void than elsewhere, so we would have expected more than 19 Local Void dwarfs, not the three found so far.
We conclude that there is a good case for inconsistency between the theory and our observations of galaxies in the Local Void. Conceivably, the local sample is atypical; this will be checked as galaxy surveys improve. Perhaps survival of detectable galaxies is less likely in the Local Void, although that is not supported by the depleted state of dwarfs near large galaxies. Or perhaps we are learning that growth of structure is more rapid than predicted in the standard cosmology, more completely emptying low-density regions.
Large galaxies in underdense regions
The ten most luminous nearby galaxies are indicated by open circles in Fig. 1 . (The brightest has just twice the luminosity of the tenth brightest. Most of the rest are much fainter, down to about 10 25 times the luminosity of the brightest.) The spiral galaxy NGC 6946 is among the ten brightest and among the most isolated. It and its several satellites form the island in the topmost open circle in Fig. 1 . Its disk of atomic hydrogen is more than twice the extent of the expanse of its visible stars 14 , another example of the tendency of galaxies in less crowded regions to have more-extended disks of atomic hydrogen.
Among the ten most luminous galaxies in Fig. 1 , the spirals M51, M101 and NGC 6946 are respectively 2.4, 2.8 and 4.0 Mpc above the centre plane of the Local Sheet. They are in an uncrowded region: of the 562 known galaxies with 1 , D , 8 Mpc, only 5.0% are more than 2 Mpc above the Local Sheet (whereas 73% of the known galaxies are within 2 Mpc of the plane and the rest are below the plane). However, 30% of the largest galaxies are more than 2 Mpc above the Local Sheet. If galaxy luminosities were randomly assigned, this situation would have a 1% probability, but the probability is less than this in the standard picture of the cosmic web, in which more-luminous galaxies avoid less dense regions. These three could not be dwarfs masquerading as large galaxies; their circular velocities indicate the central masses of large galaxies. That is, the presence of these three large galaxies in the uncrowded region above the Local Sheet is real, and at well below 1% probability it is an unlikely consequence of standard ideas.
These large isolated galaxies might be produced by better physics that more rapidly empties voids, as is required to account for the scarcity of galaxies in the Local Void. That effect would have pushed small galaxies that formed in the low-density inner region out past larger galaxies that formed nearer the higher-density edge of what was to become the void, forming a ridge 15 , perhaps the Local Sheet. This process, with more rapid emptying of the Local Void, may enlighten us on the curious presence of large galaxies above the Local Sheet.
Pure disk galaxies
Some spiral galaxies have a central concentration of stars in a bulge that is thicker than the disk and that supported largely by random motions of the stars. (The kinetic energy of the streaming motion of rotation of the bulge is a subdominant source of support.) Other galaxies do not have a significant bulge; the stars are instead concentrated in a disk or central bar supported by streaming motions in the plane of the disk. There may be a concentration of starlight towards the centre of one of these pure disk galaxies, but this 'pseudobulge' is largely supported by rotation [16] [17] [18] . Bulges are a natural outcome of structure formation in the standard cosmology: ongoing accretion of intergalactic debris tends to place stars in orbits that take them out of the disk 19, 20 . This cannot have happened to pure disk galaxies, however, which make up about 10 of the largest 20 galaxies shown in Fig. 1 16 . The long-lasting rain of debris onto large galaxies predicted by the standard cosmology is illustrated in Fig. 3 . The simulation shown there follows the motion of dark matter only (although once a star has formed it moves like a dark matter particle). The simulation indicates that the matter now within the regions occupied by stars in a real galaxy was spread over an expanse two orders of magnitude
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The stars that formed at z . 1 in the broadly scattered clumps of matter in the figure would be part of a galaxy today, but that is unacceptable for a pure disk galaxy. A challenge for standard ideas is that it is difficult to imagine how this rain of stars could have ended up moving in a disk.
There are informative results from simulations that ignore the infalling stars and focus instead on the behaviour of the infalling gas and plasma. Careful attention to the star formation model can lead to simulated galaxies in which the diffuse matter settles into stars in a suitably extended disk 22 , and to simulated dwarf galaxies that have realistic distributions of dark matter, stars and gas 23 . However, simulations 24 of galaxies of mass similar to that of the Milky Way indicate that rotationally supported disks form only outside a radius of 2 kpc, the stars at smaller radii moving more nearly at random in a bulge. This is very different from nearby pure disk galaxies in which rotational support is observed to extend inward of 0.2 kpc. These simulated large galaxies may have bulges that are modest enough to avoid detection when observed at ten times the distance in Fig. 1 25 , but at smaller distances it is possible to see the details which
show that present state-of-the-art simulations do not produce good approximations to pure disk galaxies, even ignoring infalling stars. Of course, we cannot ignore the stars that would have fallen into the galaxies along with the gas and plasma. A pure disk galaxy has to have formed out of an isolated cloud of diffuse matter that was assembled before appreciable numbers of stars had formed, for otherwise there would be unacceptable numbers of stars outside the disk. Numerical simulations show that such a cloud of diffuse matter without stars could collapse to a pure disk of stars 22, 23 . However, because the bulk of the stars had formed by redshift z 5 1, the matter going into a pure disk had to have been assembled as a gaseous cloud well before z 5 1. This agrees with the dating of stars in the Milky Way, which is classified as a near-pure disk: recent analyses 26 continue to support the conclusion that if accretion and minor mergers promoted stars from the thin component of the disk to the thick one, or added stars to the disk, then this activity ceased at a redshift of about z 5 2.
The conditions for the formation of pure disk galaxies out of isolated clouds do not agree with the picture of the evolution of cosmic structure indicated by Fig. 3 , in which extensive infall of matter continues after redshift z 5 1. It is difficult to imagine how stars in the rain of material shown in this figure could have arranged themselves into pure disk and how extended, rotationally supported disks of atomic hydrogen, such as in the pure disk galaxy NGC 6946 14 , could have survived the buffeting by gas in the rain of debris predicted by the standard cosmology. Progress on these issues will require detailed analyses of the effects on the diffuse gas and plasma of stellar formation, winds and explosions, as in current analyses of galaxy formation in the standard cosmology. We are led to repeat an earlier theme, however: a successful theory would be aided by more rapid assembly of the pieces of a galaxy.
Galaxies as island universes
Measures of the sizes, stellar masses and stellar populations of large samples of galaxies indicate that these general properties are quite insensitive to the abundance of neighbouring galaxies. This also seems contrary to the broad-scale mixing of the contents of present-day galaxies indicated in Fig. 3 .
Statistical samples of galaxies are conveniently separated into late and early types. Most of the brighter galaxies in Fig. 1 are late-type spirals. The early type includes ellipticals that resemble classical bulges with at most small disks and S0 galaxies that resemble spirals that have long since lost their gas and with it young stars. Larger early-type galaxies have a greater mass per unit of starlight, a correlation that is shown in Fig. 4 
27
. The point for our purpose is that there is very little difference between the correlations for galaxies in environments that are more and less crowded. Other correlations that are tight enough to allow little room for sensitivity to environment have been known for a long time [28] [29] [30] [31] [32] [33] . The new development is much larger samples with tighter control of systematic errors made possible by digital detectors and data-handling. Recent examples of insensitivity to environment include the relation between luminosity and colour, which depends on the ages of the stars and their heavy-element abundances 34, 35 , the relation between luminosity and radius 36 , and the relation among luminosity, radius and velocity dispersion 27, 37 ; see also the review in ref. 38 . The less detailed observations allowed by these measurements of large samples of galaxies obscure distinctions of essential features such as classical bulges and pseudobulges, but the great advantage is that large samples allow for sensitive statistical measures capable of showing real but exceedingly small systematic effects of environment on galaxies.
Environment certainly has a role in galaxy formation, but these observations tell us that it has to be a subdominant factor in determining the properties of galaxies of given type. The brightest galaxy in a rich cluster tends to be exceptionally luminous and extended 39, 40 , a likely result of interactions among cluster members 41 but one that has affected a minority of early-type galaxies. Some galaxies outside clusters clearly have been disturbed by close encounters with neighbours; examples can In this pure dark matter simulation, the haloes are suitable homes for spiral galaxies similar to the Milky Way. The figure was produced by J. Wang, Durham University, using the Aquarius 66 simulation. The haloes are identified by letter code as in the first column of the simulation parameters at level 2 in table 1 in ref. 66 . Dark matter particles at distances D , 2.9 kpc from the halo centre at the present epoch are plotted in yellow in all panels, particles now at 2.9 kpc , D , 7 kpc are plotted in black, particles now at D . 7 kpc but within the part of the halo that is now nominally close to statistical equilibrium are plotted in grey tones representing their surface number density, and particles now farther away are not plotted in any of the panels. The stars in a galaxy like the Milky Way are largely within ,7 kpc of the centre, the outer radius at the present epoch for the particles plotted in black. The box width, 830 kpc, is constant in physical units. Present positions (redshift z 5 0) are shown in the bottom row, positions when the universe was half its present size (z 5 1) are shown in the middle row, and positions when the universe was one-quarter its present size (z 5 3) are shown in the top row. The matter falling into the central regions that are largely occupied by the stars in a real galaxy tends to be balanced by matter flowing out 47 . The infalling matter does not so much add mass to the central parts of a galaxy as rearrange it. The parameter h is a measure of the present value of the Hubble constant.
NATUREjVol 465j3 June 2010 REVIEWS be seen in fig. 16 in ref. 38 , with an estimate that manifest disturbances appear in 1-2% of larger galaxies. These disturbed systems will relax to a closer-to-steady state. The relaxation will promote conversion of gas to stars and change rotational streaming of stars in disks to random motions, together producing a system similar to a bulge or an elliptical galaxy 42, 43 . However, the merging of a pair or group of spirals in the Universe as it is now would produce a new disk that is too young to be a standard spiral, or a new elliptical that does not have the standard pattern of stellar ages and heavy-element abundances 44 . Recent mergers have occurred, and have produced odd objects, but the systematics, as in Fig. 4 , indicate that odd galaxies are rare.
Another aspect of environment is that regions that are significantly more crowded than the cosmic mean host a larger fraction of more luminous 12, 34 and early types 45 of galaxies. This agrees with the standard picture of formation by merging, but there are conditions. To preserve the colour-luminosity correlation, the stars entering a proto-elliptical have to have the colours appropriate to the elliptical they are going to form. To preserve the radius-luminosity relation, the amount of energy carried into a merger, minus what is dissipated, has to have been well correlated with the final product. Furthermore, preserving the relation in Fig. 4 requires that the matter entering a galaxy 'knows' the effective mass-to-light ratio of the final product, although the final ratio depends on what the final mass is going to be. This would be more comprehensible if the parts of a protogalaxy were assembled in conditions well correlated with the final galaxy mass before there was abundant star formation. For example, the stars in tails on the outskirts of nearby ellipticals 46 seem to be the products of merging, but of stars close enough to the host galaxy that those in the host and the tails formed in close enough proximity that conditions were similar. The challenge for standard ideas is to understand how the large-scale rearrangement of material entering a galaxy shown in Fig. 3 and in ref. 47 could be reconciled with the extremely small effect of environment seen in Fig. 4 .
There is a related issue. Nearby large spirals have acquired quite similar rotations in regions that now are quite different; compare the isolation of NGC 6946 in Fig. 1 with the crowded Milky Way in the Local Sheet. If tidal torques from neighbouring protogalaxies transferred similar angular momenta to these two galaxies, then the two protogalaxies would have to have been in similar environments at formation. To be analysed is whether the considerable difference between environments now and the required similarity of environments when the galaxies formed can be reconciled with the slow emptying of low-density regions, such as around NGC 6946, by standard gravity.
We conclude with assessments of these correlations by two groups of observers. Nair, van den Bergh, and Abraham 36 state: ''It is not clear why objects that might have been assembled in such very different ways, from different ancestral objects, should have had evolutionary tracks that converged to show small dispersions around simple power law forms for their size-luminosity relations''. Disney et al. 37 state: ''Such a degree of organization appears to be at odds with hierarchical galaxy formation, a central tenet of the cold dark matter model in cosmology''. In short, the general insensitivity of galaxies to their environments is not expected in standard ideas. Again, it would help if galaxies were more rapidly assembled, as they could then evolve as more nearly isolated island universes.
Prospects
The most distant detectable galaxies are observed as they were when they were young, because of the light travel time 48, 49 . This offers a deeply important window into how the galaxies formed. Interpretation of what is observed requires the usual assessment of whether apparent conflicts between theory and observation might be reconciled by more subtle analysis, but here under the condition of much less detailed observations of individual galaxies. The way forward requires balanced support for fascinating observations of the past and for work on the benchmark, the natures of galaxies as they are now. The benchmark certainly should and can be made more secure. For example, the pioneering survey for hydrogen-rich galaxies, such as the one in Fig. 2 , that may be lurking in the larger Boötes void 32 was followed by the blind survey HIPASS 50 , which is now being followed by the Arecibo radio-telescope survey 51 . Still-deeper advances are technically quite possible and desirable.
The variety of problems we have considered in the interpretation of the present baseline motivates serious consideration of adjustments of the fundamental theory. Any adjustment would have to preserve the properties of the standard cosmology that agree with the cosmological tests but that allow new physics operating on the scale of galaxies. The evidence for more-rapid structure formation agrees with what happens in modifications of the gravity physics of the general theory of relativity [52] [53] [54] and in general relativity with a long-range force acting only on the dark matter 55, 56 . These ideas can be tested against observations of the nature and rate of growth of large-scale structure 57, 58 , and in numerical simulations of what happens in these theories on the scale of galaxies [59] [60] [61] [62] . Both approaches can be considerably elaborated. Two clear conclusions of this Review are that galaxy formation is not well understood and that the nearby galaxies offer rich and still far from completely explored clues to a better picture of how the galaxies formed. We have mentioned the idea that more-rapid structure formation would help the interpretation of the observations; other ideas may emerge as issues raised by the study of the nearby and distant galaxies are more deeply explored and more widely debated. We do not anticipate that this debate will lead to a substantial departure from the present standard picture of cosmic evolution from a hot Big Bang, because the picture passes a tight network of tests, but there is considerable room for the adjustment of details, including those pertaining to galaxies. ; larger galaxies have larger apparent mass-to-light ratios. The contours represent galaxies in more dense (dashed) and less dense (dotted) environments. Inset, histograms showing the distributions of departures from the trend indicated by the black line, expressed as departures, m 2 m FP , of surface brightness from the mean, for galaxies in more dense (dashed) and less dense (dotted) environments. The differences between the histograms show that there is a systematic difference between mass-to-light ratios at given radius in galaxies in more and less crowded regions, but the difference is small.
